
MOLECULAR AND CELLULAR BIOLOGY, June 1995, p. 3398–3404 Vol. 15, No. 6
0270-7306/95/$04.0010
Copyright q 1995, American Society for Microbiology

Suppression of Mammary Epithelial Cell Differentiation by
the Helix-Loop-Helix Protein Id-1

PIERRE-YVES DESPREZ, EIJI HARA,† MINA J. BISSELL, AND JUDITH CAMPISI*

Department of Cancer Biology, Life Sciences Division, Lawrence Berkeley Laboratory,
University of California, Berkeley, California 94720

Received 20 December 1994/Returned for modification 22 February 1995/Accepted 13 March 1995

Cell proliferation and differentiation are precisely coordinated during the development and maturation of
the mammary gland, and this balance invariably is disrupted during carcinogenesis. Little is known about the
cell-specific transcription factors that regulate these processes in the mammary gland. The mouse mammary
epithelial cell line SCp2 grows well under standard culture conditions but arrests growth, forms alveolus-like
structures, and expresses b-casein, a differentiation marker, 4 to 5 days after exposure to basement membrane
and lactogenic hormones (differentiation signals). We show that this differentiation entails a marked decline
in the expression of Id-1, a helix-loop-helix (HLH) protein that inactivates basic HLH transcription factors in
other cell types. SCp2 cells stably transfected with an Id-1 expression vector grew more rapidly than control
cells under standard conditions, but in response to differentiation signals, they arrested growth and formed
three-dimensional structures similar to those of control cells. Id-1-expressing cells did not, however, express
b-casein. Moreover, 8 to 10 days after receiving differentiation signals, they lost three-dimensional organiza-
tion, invaded the basement membrane, and then resumed growth. SCp2 cells expressing an Id-1 antisense
vector grew more slowly than controls; in response to differentiation signals, they remained stably growth
arrested and fully differentiated, as did control cells. We suggest that Id-1 renders cells refractory to differ-
entiation signals and receptive to growth signals by inactivating one or more basic HLH proteins that
coordinate growth and differentiation in the mammary epithelium.

Differentiated cells have a wide range of growth potentials,
depending on their lineage and state of maturation. Thus,
growth and differentiation are not necessarily antithetic. None-
theless, the loss of growth control that is a hallmark of tumor-
igenesis invariably entails deranged differentiation (14). How
and why this occurs is not well understood, particularly for the
epithelial cells that give rise to the majority of mammalian
cancers. This is certainly the case for mammary epithelial cells.
Mammary epithelial cells undergo coordinate changes in
growth and differentiation during embryogenesis, at puberty,
and throughout much of adulthood, with striking changes oc-
curring during pregnancy and lactation. They are also a com-
mon target for carcinogenesis in adult females. Very little is
known about the genes that determine the lineage, differenti-
ated characteristics, and growth potential of mammary epithe-
lial cells.
Cell lineage and differentiation are commonly controlled by

the sequential and combinatorial action of transcription fac-
tors. In some cells, specific transcription factors control both
cell proliferation and differentiation. For example, C/EBP
transcription factors mediate adipocyte and hepatocyte differ-
entiation, and some C/EBP family members are potent growth
inhibitors (11, 36, 49). Similarly, some basic helix-loop-helix
(bHLH) transcription factors (26) regulate both growth and
differentiation. bHLH factors include several widely expressed
proteins, such as the c-myc proto-oncogene family and E pro-
teins, as well as lineage- and cell-type-specific factors, such as

the Drosophila achaetescute complex proteins and their mam-
malian homologs. Among the most extensively studied bHLH
proteins are the myogenic determining factors, of which MyoD
is the prototype. MyoD directly activates the transcription of
skeletal-muscle-specific genes (9). It also suppresses cell pro-
liferation (42). Growth inhibition by MyoD may be due to its
ability to repress transcription of the c-fos proto-oncogene (47)
or induce the p21sdi1/cip1/waf1 inhibitor of cyclin-dependent pro-
tein kinases (16, 34).
bHLH transcription factors act as heterodimers. The HLH

motif is the interface for dimerization; dimerization allows the
basic regions to form a composite DNA-binding domain which
determines the sequence to which the dimer binds (8, 50).
bHLH factors also dimerize with another class of proteins
termed Id. Id proteins contain HLH motifs but lack basic
regions. Because bHLH-Id heterodimers do not form func-
tional DNA-binding domains, Id proteins inhibit the function
of bHLH transcription factors. In contrast to bHLH proteins,
fewer than half a dozen Id proteins have been identified, and
they are all widely expressed (2, 6, 13, 45, 52). Id proteins may
be ubiquitous regulators of bHLH function whose effects de-
pend on the complement of bHLH factors expressed by a given
cell. Control of bHLH function by Id proteins is best under-
stood for myoblasts. Proliferating myoblasts express Id-1,
which binds an E protein that is the primary dimerization
partner of MyoD (32). Id expression declines in response to
differentiation signals (2, 45), thereby permitting the formation
of MyoD-E protein heterodimers. Constitutive expression of
Id prevents MyoD-dependent transcription and myogenic dif-
ferentiation (22).
Using Id-1 as a tool, we obtained the first evidence that one

or more bHLH factors may coordinate the growth and differ-
entiation of mammary epithelial cells. We used for our studies
a homogeneous murine mammary epithelial cell line, SCp2
(10), which was cloned from a heterogeneous culture derived
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from mid-pregnancy mammary glands (7, 39). SCp2 cells grow
well on tissue culture plastic in serum-containing medium.
However, when given an exogenous basement membrane and
lactogenic hormones in serum-free medium, they cease prolif-
eration, form alveolus-like structures, and functionally differ-
entiate, as judged by the expression and secretion of milk
proteins. SCp2 cells differentiate similarly to epithelial cells in
mammary glands during pregnancy or lactation, as well as to
cells in primary culture and in heterogeneous parental culture
(1, 10, 37, 39). Here, we show that SCp2 differentiation entails
a decline in the level of Id-1 expression that is essential for
functional differentiation and the stability of the growth arrest
associated with differentiation.

MATERIALS AND METHODS

Cell culture. SCp2 cells were grown in Dulbecco’s modified Eagle’s and Ham’s
F12 media (DME-F12; 1:1) containing 5% heat-inactivated fetal bovine serum,
insulin (5 mg/ml; Sigma, St. Louis, Mo.), and gentamicin (50 mg/ml; Sigma), as
previously described (10). The Englebreth Holm Swarm (EHS) tumor was pas-
saged in C57BL mice as described by Kleinman et al. (27), and extracellular
matrix (ECM) was isolated from the tumor (EHS-ECM) as described previously
(27, 46).
Cells were plated at 5 3 104/cm2 in a mixture containing DME-F12, 2% fetal

bovine serum, and 5 mg of insulin per ml and allowed to attach for 16 to 20 h. In
some experiments, cells were made quiescent by shifting them to serum-free
DME-F12 plus insulin for 3 days and then were induced to differentiate by
shifting them to serum-free DME-F12 plus the lactogenic hormones insulin,
hydrocortisone (1 mg/ml; Sigma), and prolactin (bovine, 3 mg/ml; National In-
stitutes of Health, Bethesda, Md.) and either 1% EHS-ECM or 30 mg of laminin
(Sigma) per ml (4). Prior serum deprivation increased the rate and synchrony of
differentiation. Alternatively, proliferating cells were washed, suspended in se-
rum-free DME-F12 plus lactogenic hormones, and plated directly atop a layer of
EHS-ECM. Unless noted otherwise, cells were assessed for differentiation 5 days
after exposure to EHS-ECM and lactogenic hormones.
Transfection. Murine Id-1 cDNA (2, 17) was cloned in either the sense or

antisense orientation downstream of the mouse mammary tumor virus (MMTV)
promoter in pMSRB (18) from which the insert was removed (MMTV-Id vec-
tor). SCp2 cells were transfected with the blasticidin S resistance gene under the
control of the simian virus 40 early promoter (pSV2bsr) (21), alone (control) or
with a sense or antisense MMTV-Id vector, by calcium phosphate precipitation
(15, 39). The cells (50% confluent in 100-mm-diameter dishes) were transfected
with 3 mg of pSV2bsr DNA without or with 30 mg of MMTV-Id DNA. Blasticidin
S hydrochloride (2 mg/ml; Funakoshi, Tokyo, Japan) was added 48 h after
transfection. Two to 3 weeks later, about 500 colonies each of control cells and
cells transfected with MMTV-Id sense vector and MMTV-Id antisense vector
were pooled and expanded.
Immunoprecipitation. Cells were labeled with [35S]methionine, radiolabeled

proteins were immunoprecipitated with a rabbit polyclonal antiserum reactive
against murine Id-1 (22), and proteins were analyzed by denaturing sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), as described
by Hara et al. (19). Briefly, proliferating cells were shifted to 0.5% serum for 36
h and labeled for 5 h with 100 mCi of Tran 35S-label (.1,000 Ci/mmol; ICN) per
ml in methionine-free medium 199 containing insulin, prolactin, and hydrocor-
tisone. Cells were lysed, and lysates were sonicated and clarified by centrifuga-
tion. Equal amounts of acid-precipitable radioactivity were incubated with Id-1
antiserum, and the immune complexes were collected on protein A-Sepharose,
washed, and released by detergent for analysis by SDS-PAGE.
RNA isolation and analysis. Total cellular RNA was purified as described by

Chomczynski and Sacchi (5). The RNA (10 mg) was separated by electrophoresis
through formaldehyde-agarose gels and transferred to nylon membranes, and the
membranes were hybridized to 32P-labeled probes prepared by random oligonu-
cleotide priming, were washed, and were exposed for autoradiography as de-
scribed by Sambrook et al. (38).
The b-casein probe was 540-bp mouse cDNA (from J. Rosen, Baylor College

of Medicine, Houston, Tex.), the Id-1 probe was murine Id-1 cDNA (2, 17), the
keratin 18 probe was mouse cDNA (40), and the histone 3 probe was the
SalI-PvuII fragment of the murine histone 3.2 cDNA (31).
Immunofluorescence. Cells were cultured on glass coverslips, washed with

phosphate-buffered saline (PBS), fixed with acetone-methanol (1:1, vol/vol) for 5
min at 2208C, and washed with PBS. A murine monoclonal anti-rat b-casein
immunoglobulin G (1:1,000 dilution) (23) was used to detect b-casein by indirect
immunofluorescence, as described previously (10, 44). The coverslips were
dipped in 0.5 mg of 49,6-diamidino-2-phenylindole (DAPI) (Sigma) per ml,
washed in water, and viewed by epifluorescence to detect DAPI-stained nuclei
and b-casein-expressing cells.
DNA synthesis and autoradiography. Cells were labeled with [3H]methylthy-

midine (10 mCi/ml; 60 to 70 Ci/mmol) for 24 h, washed twice with PBS, and

processed for immunofluorescence. After immunostaining, the coverslips were
air dried, coated with NTB2 emulsion (1:2 dilution; Kodak), and exposed for 16
to 24 h. The coverslips were developed with D-19, fixed in Rapid-Fix (Kodak),
and viewed by phase-contrast microscopy.

RESULTS

Id-1 expression declines in quiescent and differentiated
SCp2 cells. Id-1 mRNA was expressed by exponentially grow-
ing SCp2 cells and was evident as a readily detectable 1.2-kb
transcript on Northern (RNA) blots of total cellular RNA (Fig.
1, lane 1). When the cells were deprived of serum, the level of
Id-1 mRNA decreased markedly within 3 days (Fig. 1, lane 2).
Serum deprivation reduced cell proliferation: after 3 days,
[3H]thymidine incorporation declined and there was no in-
crease in cell number (data not shown). Thus, Id-1 expression
and growth were positively correlated in SCp2 cells, as they are
in human fibroblasts (19).
Serum deprivation, and its attendant decline in prolifera-

tion, did not induce differentiation. Thus, serum-deprived
SCp2 cells did not form three-dimensional structures (data not
shown) or express b-casein, a marker of functional differenti-
ation (Fig. 1, lane 2). Serum deprivation did, however, permit
a more rapid and synchronous response to differentiation sig-
nals (9a).
The signals for SCp2 cell differentiation are lactogenic hor-

mones (insulin, hydrocortisone, and prolactin) and a basement
membrane (commonly laminin or the EHS tumor-derived ma-
trix EHS-ECM) in serum-free medium (10). Growth factors
antagonize the differentiation response. To assess Id-1 expres-
sion during differentiation, SCp2 cells were serum deprived
and then given lactogenic hormones and laminin. The cells
were analyzed for Id-1 and b-casein mRNA 6, 24, and 48 h
thereafter (Fig. 1, lanes 3 through 5).
Id-1 mRNA remained virtually undetectable throughout the

experiment. b-Casein mRNA was undetectable 6 h after cells
received laminin and lactogenic hormones but was readily de-
tectable within 24 h and was highly expressed by 48 h. The level
of 18S rRNA did not change during the experiment and thus
served to control for RNA integrity, loading, and transfer.
EHS-ECM contains about 90% laminin (3, 28) and is less

costly than laminin. Although EHS-ECM is contaminated with
a variety of proteins, including tumor-derived growth factors
(51), it has been used extensively by us and others because it

FIG. 1. Reciprocal expression of Id-1 and b-casein mRNA in growing and
differentiating mammary epithelial cells. SCp2 cells growing under standard
tissue culture conditions were shifted to serum-free medium for 3 days and then
to serum-free medium containing lactogenic hormones and either laminin or
EHS-ECM, as described in Materials and Methods. RNA was isolated 6, 24, or
48 h later and analyzed on Northern blots for the abundance of b-casein (1.4-kb)
and Id-1 (1.2-kb) mRNA. The blots were probed for the abundance of 18 S
rRNA to control for RNA integrity, loading, and transfer. Lane 1, growing cells:
lane 2, cells deprived of serum for 3 days; lanes 3 through 5, serum-deprived cells
given hormones and laminin for 6, 24, and 48 h, respectively; lanes 6 through 8,
serum-deprived cells given hormones and EHS-ECM for 6, 24, and 48 h, respec-
tively.
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induces both morphological and functional differentiation (3,
27, 30). In parallel with the above-described experiment, se-
rum-deprived SCp2 cells were given lactogenic hormones and
EHS-ECM. In contrast to its response to laminin, Id-1 mRNA
was induced 6 h after exposure to EHS-ECM (Fig. 1, lane 6).
This induction was transient, and the amount of Id-1 mRNA
declined to nearly undetectable levels within 24 h (Fig. 1, lane
7). Unlike laminin, EHS-ECM did not induce b-casein mRNA
until 48 h after it was added (Fig. 1, lane 8).
The transient induction of Id-1 mRNA by EHS-ECM very

likely is due to contaminating growth factors (51). This idea is
supported by our preliminary finding that either epidermal
growth factor or transforming growth factor a and EHS-ECM
induced Id-1 mRNA to similar extents in serum-deprived SCp2
cells, independently of lactogenic hormones (data not shown).
We speculate that the transient induction of Id-1 by EHS-
ECM may delay or transiently suppress functional differenti-
ation.
Ectopic Id-1 expression suppresses differentiation without

stimulating growth. To directly examine the role of Id-1 in
mammary epithelial cell growth and differentiation, we trans-
fected SCp2 cells with murine Id-1 cDNA under the control of
the MMTV promoter. In our study, this promoter was active
whether cells were on plastic or EHS-ECM and showed only a
modest glucocorticoid response. Unless noted otherwise, all
experiments were done in the presence of the glucocorticoid
hydrocortisone (43). One of two vectors was transfected into
cells. In one vector, the cDNA was transcribed in the sense
orientation. In the other, transcription was in the antisense
orientation. These vectors were cotransfected with pSV2bsr, a
vector conferring resistance to the antibiotic blasticidin S.
pSV2bsr transfected alone served as an additional control.
Stable blasticidin-resistant colonies were selected and pooled.
Cells transfected with the Id-1 cDNA in the sense orienta-

tion (SCp2-Id-S cells) expressed the 14-kDa Id-1 protein at a
severalfold-higher level than did cells transfected with pSV2bsr
alone (control), as judged by immunoprecipitation of radiola-
beled cell lysates (Fig. 2, lanes 1 and 2). By contrast, cells
transfected with the Id-1 cDNA in the antisense orientation
(SCp2-Id-AS cells) expressed Id-1 protein at a severalfold-
lower level than did controls (Fig. 2, lane 3). Thus, the Id-1
sense and antisense cDNAs increased and decreased, respec-
tively, the level of Id-1 protein in transfected SCp2 cells.

Control, SCp2-Id-S, and SCp2-Id-AS cells differed some-
what in their doubling times during exponential growth. Con-
trol cells, like untransfected SCp2 cells (10), doubled every 15
to 16 h. SCp2-Id-S cells grew more rapidly, doubling every 12
to 13 h, whereas SCp2-Id-AS cells grew more slowly, doubling
every 20 h. There were also morphological differences. When
grown on tissue culture plastic, SCp2-Id-AS cells formed col-
onies that were more compact than those of control cells,
although both types of cells had a typically epithelial cuboidal
morphology (Fig. 3A and E). SCp2-Id-S cells, by contrast, grew
as more disperse colonies and were less cuboidal (Fig. 3C).
Finally, the growth of control and SCp2-Id-AS cells declined
markedly within 3 days after serum deprivation, whereas se-
rum-deprived SCp2-Id-S cells grew exponentially for 4 to 5
days until they reached confluence (data not shown).
Despite these differences, the initial growth and morpholog-

ical response to differentiation signals appeared to be similar
for control, SCp2-Id-S, and SCp2-Id-AS cells. Within 5 days
after being plated on EHS-ECM in lactogenic hormones, all
three cell types ceased proliferating. Thus, although the ec-
topic expression of Id-1 prevented growth arrest due to serum
deprivation, it had no effect on the growth arrest induced by
differentiation signals. Moreover, all three cell types were ca-
pable of forming three-dimensional structures (Fig. 3B, D, and
F). These structures appeared to be similar at low magnifica-
tion, although closer examination showed differences among
them (see below).
RNA was isolated 5 days after the transfected cells were

given differentiation signals and analyzed for b-casein, keratin

FIG. 2. Id-1 protein expression in SCp2 cells transfected with control, Id-1
sense, and Id-1 antisense vectors. Control, SCp2-Id-S, and SCp2-Id-AS cells were
metabolically labeled and lysed, and the lysates were immunoprecipitated with
Id-1 antiserum and analyzed by SDS-PAGE, as described in Materials and
Methods.

FIG. 3. Morphology of SCp2 cells transfected with control, Id-1 sense, and
Id-1 antisense vectors under growing and differentiation-inducing conditions.
Control, SCp2-Id-S, and SCp2-Id-AS cells were plated on tissue culture plastic in
serum-containing medium and were photographed while proliferating exponen-
tially (A, C, and E). Parallel cultures of proliferating control, SCp2-Id-S, and
SCp2-Id-AS cells were plated atop a layer of EHS-ECM in serum-free medium
plus lactogenic hormones and were photographed 5 days later (B, D, and F). (A
and B) Control cells; (C and D) SCp2-Id-S cells; (E and F) SCp2-Id-AS cells.
Magnification, 352.
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18, and histone 3 mRNA (Fig. 4). These transcripts served as
indicators of functional differentiation, the epithelial character
of the cells, and cell proliferation, respectively.
As expected, control cells (Fig. 4, lane 1) expressed keratin

18 mRNA and high levels of b-casein mRNA, whereas Id-1
and histone 3 mRNA were undetectable. SCp2-Id-AS cells
(lane 3) also expressed keratin 18 and even higher levels of
b-casein, and Id-1 and histone 3 mRNA were undetectable in
these cells as well. The inability of the double-stranded probe
to detect an antisense transcript in SCp2-Id-AS cells suggests
that the Id-1 antisense RNA may be very labile, as reported for
other antisense RNAs (20). Despite this lability, the antisense
Id-1 RNA reduced the level of Id-1 protein (Fig. 2), which was
also expected from findings in other systems (20). In either
case, control and SCp2-Id-AS cells behaved similarly. They
arrested growth and thus did not express histone 3, and they
functionally differentiated, as judged by abundant b-casein ex-
pression.
By contrast, SCp2-Id-S cells (Fig. 4, lane 2) expressed barely

detectable levels of b-casein. This was not due to a loss of
epithelial characteristics, because SCp2-Id-S cells expressed
keratin 18 and formed three-dimensional structures in re-
sponse to differentiation signals (Fig. 3D). Likewise, the failure
to express b-casein was not due to growth stimulation by the
Id-1 transgene, as judged by the lack of histone 3 mRNA (Fig.
4) and [3H]thymidine incorporation (Fig. 5F). SCp2-Id-S cells
expressed the Id-1 transgene mRNA (1.4 kb) throughout the
experiment, but the endogenous Id-1 mRNA (1.2 kb) was not
expressed under these conditions (Fig. 4). When proliferating
on plastic, SCp2-Id-S cells expressed both the endogenous and
transfected Id-1 genes, which were distinguishable on North-
ern blots (data not shown).
To confirm that Id-1 suppresses functional differentiation

without stimulating growth, control, SCp2-Id-S, and SCp2-
Id-AS cells were treated for 5 days with EHS-ECM and lacto-

genic hormones and analyzed at the single-cell level for b-ca-
sein and DNA synthesis (Fig. 5). In alveoli formed by control
or SCp2-Id-AS cells, nearly all cells expressed b-casein, which
was detectable by a monoclonal anti-b-casein antibody (Fig. 5B
and H). Moreover, when [3H]thymidine was added 24 h before
fixation, none of the cells in these alveoli incorporated radio-
label, which was detectable by autoradiography (Fig. 5C and I).
As a positive control, differentiated SCp2 cells were stimulated
to initiate DNA synthesis by transforming growth factor a (Fig.
5M) (30a). SCp2-Id-S cells also failed to incorporate [3H]thy-
midine (Fig. 5F), which is consistent with the lack of histone 3
expression. However, very few b-casein-positive SCp2-Id-S
cells were evident (Fig. 5D and E).
Taken together, the results indicate that mammary epithelial

cells that ectopically express Id-1 remain capable of arresting
growth and forming three-dimensional structures in response
to ECM, at least within an initial 5-day period, but fail to
undergo complete functional differentiation.
Growth arrest and morphological differentiation are unsta-

ble in Id-1-expressing cells. When examined at high magnifi-
cation, it was apparent that the three-dimensional structures
formed by SCp2-Id-S cells differed from those formed by con-

FIG. 4. Expression of b-casein, Id-1, keratin 18 (K 18), and histone 3 mRNA
in differentiated SCp2 cells transfected with control, Id-1 sense, and Id-1 anti-
sense vectors. Control, SCp2-Id-S, and SCp2-Id-AS cells were plated atop a layer
of EHS-ECM in the presence of lactogenic hormones; 5 days later, RNA was
isolated and analyzed for the abundance of b-casein, Id-1, keratin 18, and histone
3 mRNA, as described in Materials and Methods. Hybridization with an 18S
rRNA probe served to control for RNA integrity, loading, and transfer. Lane G,
RNA from proliferating SCp2 cells. RNA was analyzed for histone 3 mRNA as
a positive control for hybridization of the histone probe.

FIG. 5. Single-cell analysis of b-casein expression and DNA synthesis in
SCp2 cells transfected with control, Id-1 sense, and Id-1 antisense vectors. Con-
trol, SCp2-Id-S, and SCp2-Id-AS cells were serum deprived and provided with
differentiation signals as described in the legend to Fig. 3; 4 days later, they were
labeled with [3H]thymidine for 24 h and then fixed and stained with DAPI and
processed for immunofluorescence by using a b-casein antibody and autoradiog-
raphy, as described in Materials and Methods. Shown are DAPI fluorescence (A,
D, G, J, and L), b-casein immunofluorescence (B, E, and H), control antibody
immunofluorescence (K), and autoradiography (C, F, I, and M). (A to C) Con-
trol cells; (D to F) SCp2-Id-S cells; (G to I) SCp2-Id-AS cells; (J and K) control
cells; (L and M) differentiated SCp2 cells treated with transforming growth
factor a for 24 h and serving as a positive control for DNA synthesis in three-
dimensional alveoli. Note that the SCp2-Id-S cells in panel F are negative for
[3H]thymidine incorporation (compare with the positive control in panel M),
which is consistent with the lack of histone 3 expression (Fig. 4 and 6A and B).
The dark areas in panel F are due to background grains and discontinuities in the
cell aggregate, which are not seen in aggregates of control or SCp2-Id-AS cells.
Magnifications, 3220 for panels A to I and 3138 for panels J to M.
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trol or SCp2-Id-AS cells (Fig. 5D). In particular, SCp2-Id-S
cells formed structures that were less compact, with weaker
cell-cell interactions.
More striking was the effect of ectopic Id-1 expression on the

stability of the response to differentiation signals. Alveoli
formed by control or SCp2-Id-AS cells were stable. These
structures persisted for more than 2 weeks in culture, as long as
they were maintained in EHS-ECM and lactogenic hormones.
During this time, the cells remained growth arrested (Fig. 6G
and H) and continued to express b-casein (data not shown). By
contrast, the three-dimensional structures formed by SCp2-
Id-S cells were unstable. Between 8 and 10 days after exposure
to EHS-ECM and lactogenic hormones, the aggregates be-
came increasingly disorganized. At this time, cells at the pe-
riphery began to break from the aggregate and invade the
surrounding matrix (Fig. 6C and D). This disaggregation and
invasion occurred in the absence of cell proliferation. Ten to 12
days after receiving differentiation signals, many of the SCp2-
Id-S-cell aggregates had disintegrated. At this time, many of
the invading cells initiated DNA synthesis (Fig. 6E and F).
We conclude that Id-1 prevents the functional differentia-

tion of mammary epithelial cells, destabilizing growth arrest
and morphogenesis. Because the only known function of Id
proteins is to inactivate bHLH factors, we suggest that growth

and differentiation in mammary epithelial cells are controlled
by one or more bHLH proteins.

DISCUSSION

In several models of terminal differentiation or tumorigen-
esis, strong growth stimuli, such as activated oncogenes or
mitogens, often completely block differentiation by stimulating
unregulated growth. In vivo, however, tumor cells display a
wide range of growth and differentiation properties. In the
early stages of tumorigenesis especially, the balance between
growth and differentiation may be only subtly perturbed (14).
Thus, in order to understand tumorigenesis, we must under-
stand how growth and differentiation are balanced in normal
cells.
We developed an epithelial cell line for studying growth and

differentiation in the mammary gland. SCp2 cells were cloned
from a mammary gland-derived mixed-cell population contain-
ing functional epithelial cells (10, 39). SCp2 cells respond to
hormones and the basement membrane protein laminin very
similarly to the parent cells and the epithelial cells of glands
during pregnancy or lactation. This response entails an arrest
of cell growth, morphogenesis, and tissue-specific gene expres-
sion (1, 35). Here, we identify Id-1 as a growth-regulated gene
in SCp2 cells that appears to promote growth indirectly by
partly suppressing differentiation.
Id-1 encodes a protein that, like other Id family members,

negatively regulates bHLH transcription factors (2, 45). Id
genes are expressed by many cell types, generally in association
with growth (6, 13, 25, 48), and appear to regulate growth and
differentiation. For example, Id-1 and Id-2 are induced by
mitogens in quiescent fibroblasts, and this induction is essential
for the onset of DNA replication (19). In addition, Id expres-
sion declines with replicative senescence (19) and with the
differentiation of osteogenic cells (24, 33), B cells (53), myo-
blasts (2, 9), hepatocytes (29a), and neuroblasts (12). In myo-
blasts and myeloid precursors, constitutive Id-1 expression
stimulates growth and blocks terminal differentiation (22, 29).
Id-1 is expressed in proliferating epithelial tissues in early

mouse embryos (13, 52), but little is known about Id expression
in differentiated epithelial cells. We found that growing SCp2
cells expressed Id-1 but that quiescent and differentiated cells
did not. This expression pattern parallels that in the mammary
gland: Id-1 was expressed in glands from virgin animals and in
involuting glands but not in glands during pregnancy or lacta-
tion (45a). The transient induction of Id-1 by EHS-ECM
(which is contaminated with growth factors [51]) is consistent
with the findings that Id-1 and Id-2 are growth factor inducible
in other cells (6, 19, 25) and that epidermal growth factor and
transforming growth factor a induce Id-1 in serum-deprived
SCp2 cells (30b).
To assess the function of Id-1 in mammary epithelial cells,

we transfected SCp2 cells with vectors expressing either a sense
or an antisense Id-1 cDNA. The MMTV promoter maintained
high, near-constitutive levels of expression whether cells were
growing or differentiated. The transfected cells—control,
SCp2-Id-S, and SCp2-Id-AS—were pools of several hundred
clones, and thus their response was not a peculiarity of an
individual clone. (However, we recently isolated clones that
behave much like the starting cells.) SCp2-Id-S and SCp2-
Id-AS cells expressed higher and lower levels, respectively, of
Id-1 protein.
The effect of Id-1 in mammary epithelial cells was novel.

Higher- or lower-than-normal levels of Id-1 had a small stim-
ulatory or inhibitory effect, respectively, on the growth rate of
SCp2 cells. In addition, constitutive Id-1 expression prevented

FIG. 6. Instability of three-dimensional structures and growth arrest. SCp2-
Id-S cells and control cells were serum deprived and provided with differentiation
signals as described in the legend to Fig. 3; the cells were labeled with [3H]thy-
midine for 24 h preceding the 5-, 8-, and 10-day time points after exposure to
lactogenic hormones and EHS-ECM. The cells were then fixed and stained with
DAPI and processed for autoradiography, as described in Materials and Meth-
ods. DAPI fluorescence is shown in panels A, C, E, and G; autoradiography is
shown in panels B, D, F, and H. (A through F) SCp2-Id-S cells after 5 (A and B),
8 (C and D), and 10 (E and F) days of exposure to lactogenic hormones and
EHS-ECM. (G and H) Control cells after 10 days of exposure to lactogenic
hormones and EHS-ECM. With some batches of EHS-ECM, disintegration of
three-dimensional structures and resumption of DNA synthesis occurred 1 to 2
days earlier or later than the times shown here. Magnification, 3170.
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the cells from arresting growth when deprived of serum. How-
ever, Id-1 had no effect on the ability of cells to arrest growth
or undergo initial morphogenesis in response to differentiation
signals. This is in contrast to results with myoblasts and lym-
phoid cells, in which Id-1 abolishes the growth arrest associ-
ated with differentiation (22, 29). Thus, mammary epithelial
cells and the signals that induce their differentiation are, so far,
unique in their ability to override growth stimulation by Id-1.
Despite the initial growth arrest and morphologic response,
Id-1 did prevent complete functional differentiation, as judged
by the tissue-specific marker b-casein. This is the first example
of an Id gene perturbing the balance between growth and
differentiation in epithelial cells.
The blocking of functional differentiation caused by Id-1 was

not due to unregulated growth and is unlikely a result of the
direct repression of b-casein. SCp2-Id-S cells displayed other
phenotypic correlates of aberrant differentiation, including
weakened cell-cell interactions and ability to migrate through
the EHS-ECM. It was noteworthy that migration was evident
before the cells resumed DNA synthesis. It appeared, then,
that SCp2-Id-S cells remained growth arrested until they left
the aggregate and began to migrate through the basement
membrane.
Id-1 may act to maintain growth potential, rather than di-

rectly stimulate growth, in mammary epithelial cells, which is
analogous to the function proposed for basonuclin in basal
keratinocytes (48). Towards this end, Id-1 may maintain the
expression of growth-stimulatory genes or repression of
growth-inhibitory genes. These genes, in turn, may prime, but
be insufficient to stimulate, cell proliferation. The recent find-
ings that cyclin D antagonizes MyoD activity (41) and that
MyoD inhibits growth in part by inducing p21sdi1/cip1/waf1 (16,
34) offer cyclin D and p21 as potential indirect targets of Id-1.
We do not yet know how the other phenotypic consequences of
Id-1 expression—weakened cell-cell interactions and ability to
migrate through the basement membrane—relate to the insta-
bility of the growth arrest.
The only known function of Id proteins is to inactivate

bHLH transcription factors. We suggest, therefore, that one or
more bHLH proteins may regulate functional differentiation in
mammary epithelial cells at a step that maintains growth arrest
and permits milk protein expression. We are currently attempt-
ing to identify proteins that interact with Id-1 in SCp2 cells to
better understand the mechanism(s) by which Id-1 overexpres-
sion leads to disrupted differentiation independent of a direct
effect on growth.

ACKNOWLEDGMENTS

We thank R. Benezra and Y. Jen (Memorial Sloan Kettering Cancer
Center, New York, N.Y.) for the Id-1 antiserum and murine Id-1
cDNA, J. Rosen (Baylor College of Medicine) for the b-casein cDNA,
C. Kaetzel (Case Western Reserve University, Cleveland, Ohio) for
the b-casein antiserum, and R. Oshima (La Jolla Cancer Research
Institute, La Jolla, Calif.) for the keratin 18 cDNA. We also thank C.
Roskelley, C. Lin, C. Sympson, and T. Howlett for help with some of
the experiments and discussions.
This work was supported by grants from the National Institutes of

Health (AG10004) to J.C. and the U.S. Department of Energy (con-
tract DE-AC03-76SF00098) to M.J.B. and J.C.

REFERENCES
1. Barcellos-Hoff, M. H., J. Aggeler, T. G. Ram, and M. J. Bissell. 1989.
Functional differentiation and alveolar morphogenesis of primary mammary
cultures on reconstituted basement membrane. Development 105:223–
235.

2. Benezra, R., R. L. Davis, D. Lockshon, D. L. Turner, and H. Weintraub.
1990. The protein Id: a negative regulator of helix-loop-helix DNA binding
proteins. Cell 61:49–59.

3. Bissell, D. M., D. M. Arenson, J. J. Maher, and F. J. Roll. 1987. Support of
cultured hepatocytes by a laminin-rich gel. Evidence for a functionally sig-
nificant subendothelial matrix in normal rat liver. J. Clin. Invest. 79:801–812.

4. Caron, J. M. 1990. Induction of albumin gene transcription in hepatocytes by
extracellular matrix proteins. Mol. Cell. Biol. 10:1239–1243.

5. Chomczynski, P., and N. Sacchi. 1987. Single-step method of RNA isolation
by acid guanidinium thiocyanate-phenol-chloroform extraction. Anal. Bio-
chem. 162:156–159.

6. Christy, B. A., L. K. Sanders, L. F. Lau, N. G. Copeland, N. A. Jenkins, and
D. Nathans. 1991. An Id-related helix-loop-helix protein encoded by a
growth factor-inducible gene. Proc. Natl. Acad. Sci. USA 88:1815–1819.

7. Danielson, K. G., C. J. Oborn, E. M. Durban, J. S. Buetel, and D. Medina.
1984. Epithelial mouse mammary cell line exhibiting normal morphogenesis
in vivo and functional differentiation in vitro. Proc. Natl. Acad. Sci. USA
81:3756–3760.

8. Davis, R. L., P. F. Cheng, A. B. Lassar, and H. Weintraub. 1990. The MyoD
DNA binding domain contains a recognition code for muscle-specific gene
activation. Cell 60:733–746.

9. Davis, R. L., H. Weintraub, and A. B. Lassar. 1987. Expression of a single
transfected cDNA converts fibroblasts to myoblasts. Cell 51:987–1000.

9a.Desprez, P.-Y. Unpublished data.
10. Desprez, P. Y., C. Roskelley, J. Campisi, and M. J. Bissell. 1993. Isolation of

functional cell lines from a mouse mammary epithelial cell strain: the im-
portance of basement membrane and cell-cell interaction. Mol. Cell. Differ.
1:99–110.

11. DiPersio, C. M., D. A. Jackson, and K. S. Zaret. 1991. The extracellular
matrix coordinately modulates liver transcription factors and hepatocyte
morphology. Mol. Cell. Biol. 11:4405–4414.

12. Duncan, M., E. M. DiCicco-Bloom, X. Xiang, R. Benezra, and K. Chada.
1992. The gene for the helix-loop-helix protein, Id, is specifically expressed in
neural precursors. Dev. Biol. 154:1–10.

13. Evans, S. M., and T. X. O’Brien. 1993. Expression of the helix-loop-helix
factor Id during mouse embryonic development. Dev. Biol. 159:485–499.

14. Fingert, H. J., J. Campisi, and A. B. Pardee. 1993. Cell proliferation and
differentiation, p. 1–14. In J. F. Holland, E. Frei, R. C. Bast, D. W. Kufe,
D. L. Morton, and R. R. Weichselbaum (ed.), Cancer medicine. Lea &
Febiger, Philadelphia.

15. Gorman, C. 1986. High efficiency gene transfer into mammalian cells, p.
143–211. In D. M. Glover (ed.), DNA cloning. IRL, Oxford.

16. Halevy, O., B. G. Novitch, D. B. Spicer, S. X. Skapek, J. Rhee, G. J. Hannon,
D. Beach, and A. B. Lassar. 1995. Correlation of terminal cell cycle arrest of
skeletal muscle with induction of p21 by MyoD. Science 267:1018–1021.

17. Hara, E., T. Kato, S. Nakada, S. Sekiya, and K. Oda. 1991. Subtractive
cDNA cloning using oligo(dT) 30-latex and PCR: isolation of cDNA clones
specific to undifferentiated human embryonal carcinoma cells. Nucleic Acids
Res. 19:7097–7104.

18. Hara, E., T. Oshima, T. Ishii, W. Sugino, K. Tsutsui, S. Nakada, N.
Tsuchida, and K. Oda. 1992. Mechanism of induction of cellular DNA
synthesis by the adenovirus E1A 12S cDNA product. Exp. Cell Res. 198:
250–258.

19. Hara, E., T. Yamaguchi, H. Nojima, T. Ide, J. Campisi, H. Okayama, and K.
Oda. 1994. Id-related genes encoding HLH proteins are required for G1
progression and are repressed in senescent human fibroblasts. J. Biol. Chem.
269:2139–2145.

20. Hildebrandt, M., and W. Nellen. 1992. Differential antisense transcription
from the Dictyostelium EB4 gene locus: implications on antisense-mediated
regulation of mRNA stability. Cell 69:197–204.

21. Izumi, M., H. Miyazawa, T. Kamakura, I. Yamaguchi, T. Endo, and F.
Hanaoka. 1991. Blasticidin S-resistance gene (bsr): a novel selectable marker
for mammalian cells. Exp. Cell Res. 197:229–233.

22. Jen, Y., H. Weintraub, and R. Benezra. 1992. Overexpression of Id protein
inhibits the muscle differentiation program: in vivo association of Id with
E2A proteins. Genes Dev. 6:1466–1479.

23. Kaetzel, C. S., and D. B. Ray. 1984. Immunochemical characterization with
monoclonal antibodies of three major caseins and a-lactalbumin from rat
milk. J. Dairy Sci. 67:64–75.

24. Kawaguchi, N., H. F. DeLuca, and M. Noda. 1992. Id gene expression and its
suppression by 1,25-dihydroxyvitamin D3 in rat osteoblastic osteosarcoma
cells. Proc. Natl. Acad. Sci. USA 89:4569–4572.

25. Kemp, P. R., D. J. Grainger, C. M. Shanahan, P. L. Weissberg, and J. C.
Metcalfe. 1991. The Id gene is activated by serum but is not required for
de-differentiation in rat vascular smooth muscle cells. Biochem. J. 277:285–
288.

26. Kingston, R. E. 1989. Transcription control and differentiation: the HLH
family, c-myc and C/EBP. Curr. Opin. Cell Biol. 1:1081–1087.

27. Kleinman, H. K., M. L. McGarvey, J. R. Hassell, V. L. Star, F. B. Cannon,
G. W. Laurie, and G. R. Martin. 1986. Basement membrane complexes with
biological activity. Biochemistry 25:312–318.

28. Kleinman, H. K., M. L. McGarvey, L. A. Liotta, P. G. Robey, K. Tryggava-
son, and G. R. Martin. 1982. Isolation and characterization of type IV
procollagen, laminin and heparan sulfate proteoglycan from the EHS sar-
coma. Biochemistry 21:6188–6193.

VOL. 15, 1995 Id-1 AND MAMMARY DIFFERENTIATION 3403



29. Kreider, B. L., R. Benezra, G. Rovera, and T. Kadesch. 1992. Inhibition of
myeloid differentiation by the helix-loop-helix protein Id. Science 255:1700–
1702.

29a.LeJossic, C., G. P. Ilyin, P. Loyer, D. Glaise, S. Cariou, and C. Guguen-
Guillouzo. 1994. Expression of helix-loop-helix factor Id-1 is dependent on
the hepatocyte proliferation and differentiation status in rat liver in primary
culture. Cancer Res. 54:6065–6068.

30. Li, M. L., J. Aggeler, D. A. Farson, C. Hatier, J. Hassell, and M. J. Bissell.
1987. Influence of a reconstituted basement membrane and its components
on casein gene expression and secretion in mouse mammary epithelial cells.
Proc. Natl. Acad. Sci. USA 84:136–140.

30a.Lin, C. Q., P. J. Dempsey, R. J. Coffey, and M. J. Bissell. Extracellular matrix
regulates whey acidic protein gene expression by suppression of TGF-a in
mouse mammary epithelial cells: studies in culture and in transgenic mice.
J. Cell. Biol., in press.

30b.Lin, C., and P.-Y. Desprez. Unpublished data.
31. Marzluff, W. F., and R. A. Graves. 1984. Organization and expression of

mouse histone genes, p. 281–316. In G. S. Stein, J. S. Stein, and W. F.
Marzluff (ed.), Histone genes: structure, organization and regulation. John
Wiley & Sons, New York.

32. Neuhold, L. A., and B. Wold. 1993. HLH forced dimers: tethering MyoD to
E47 generates a dominant positive myogenic factor insulated from negative
regulation by Id. Cell 74:1033–1042.

33. Ogata, T., and M. Noda. 1991. Expression of Id, a negative regulator of
helix-loop-helix DNA binding proteins, is down-regulated at confluence and
enhanced by dexamethasone in a mouse osteoblastic cell line, MC3T3E1.
Biochem. Biophys. Res. Commun. 180:1194–1199.

34. Parker, S. B., G. Eichele, P. Zhang, A. Rawls, A. T. Sands, A. Bradley, E. N.
Olson, J. W. Harper, and S. J. Elledge. 1995. p53-independent expression of
p21/Cip1 in muscle and other terminally differentiating cells. Science 267:
1024–1027.

35. Petersen, O. W., L. Ronnov-Jessen, A. R. Howlett, and M. J. Bissell. 1992.
Interaction with basement membrane serves to rapidly distinguish growth
and differentiation pattern of normal and malignant human breast epithelial
cells. Proc. Natl. Acad. Sci. USA 89:9064–9068.

36. Rana, B., D. Mischoulon, Y. Xie, N. L. R. Bucher, and S. R. Farmer. 1994.
Cell-extracellular matrix interactions can regulate the switch between growth
and differentiation in rat hepatocytes: reciprocal expression of C/EBPa and
immediate-early growth response transcription factors. Mol. Cell. Biol. 14:
5858–5869.

37. Roskelley, C. D., P. Y. Desprez, and M. J. Bissell. 1994. Extracellular matrix-
dependent tissue-specific gene expression in mammary epithelial cells re-
quires both physical and biochemical signal transduction. Proc. Natl. Acad.
Sci. USA 91:12378–12382.

38. Sambrook, J., E. F. Fritsch, and T. Maniatis. 1989. Molecular cloning: a
laboratory manual, 2nd ed. Cold Spring Harbor Laboratory, Cold Spring
Harbor, N.Y.

39. Schmidhauser, C., M. J. Bissell, C. A. Myers, and G. F. Casperson. 1990.
Extracellular matrix and hormones transcriptionally regulate bovine b-casein

59 sequences in stably transfected mouse mammary cells. Proc. Natl. Acad.
Sci. USA 87:9118–9122.

40. Singer, P. A., K. Trevor, and R. G. Oshima. 1986. Molecular cloning and
characterization of the Endo B cytokeratin expressed in preimplantation
mouse embryos. J. Biol. Chem. 261:538–547.

41. Skapek, S. X., J. Rhee, D. B. Spicer, and A. B. Lassar. 1995. Inhibition of
myogenic differentiation in proliferating myoblasts by cyclin D1-dependent
kinase. Science 267:1022–1024.

42. Sorrentino, V., R. Pepperkok, R. L. Davis, W. Ansorge, and L. Philipson.
1990. Cell proliferation inhibited by MyoD1 independently of myogenic
differentiation. Nature (London) 345:813–816.

43. Stewart, T. A., P. G. Hollingshead, and S. L. Pitts. 1988. Multiple regulatory
domains in the mouse mammary tumor virus long terminal repeat revealed
by analysis of fusion genes in transgenic mice. Mol. Cell. Biol. 8:473–479.

44. Streuli, C. H., N. Bailey, and M. J. Bissell. 1991. Control of mammary
epithelial differentiation: basement membrane induces tissue-specific gene
expression in the absence of cell-cell interaction and morphological polarity.
J. Cell Biol. 115:1383–1395.

45. Sun, X.-H., N. G. Copeland, N. A. Jenkins, and D. Baltimore. 1991. Id
proteins Id1 and Id2 selectively inhibit DNA binding by one class of helix-
loop-helix proteins. Mol. Cell. Biol. 11:5603–5611.

45a.Sympson, C., and P.-Y. Desprez. Unpublished data.
46. Taub, M., Y. Wang, T. M. Szczesny, and H. K. Kleinman. 1990. Epidermal

growth factor or transforming growth factor a is required for kidney tubu-
logenesis in matrigel cultures in serum free medium. Proc. Natl. Acad. Sci.
USA 87:4002–4006.

47. Trouche, D., M. Grigoriev, J. L. Lenormand, P. Robin, S. A. Leibovitch, P.
Sassone-Corsi, and A. Harel-Bellan. 1993. Repression of c-fos promoter by
MyoD on muscle cell differentiation. Nature (London) 363:79–81.

48. Tseng, H., and H. Green. 1994. Association of basonuclin with the ability of
keratinocytes to multiply and with absence of terminal differentiation. J. Cell
Biol. 126:495–506.

49. Umek, R. M., A. D. Friedman, and S. L. McKnight. 1991. CCAAT/enhancer
binding protein: a component of a differentiation switch. Science 251:288–
292.

50. Voronova, A., and D. Baltimore. 1990. Mutations that disrupt DNA binding
and dimer formation in the E47 helix-loop-helix protein map to distinct
domains. Proc. Natl. Acad. Sci. USA 87:4722–4726.

51. Vukicevic, S., H. K. Kleinman, F. P. Luyten, A. B. Roberts, N. S. Roche, and
A. H. Reddi. 1992. Identification of multiple active growth factors in base-
ment membrane matrigel suggests caution in interpretation of cellular ac-
tivity related to extracellular matrix components. Exp. Cell Res. 202:1–8.

52. Wang, Y., R. Benezra, and D. A. Sassoon. 1992. Id expression during mouse
development: a role in morphogenesis. Dev. Dyn. 194:222–230.

53. Wilson, R. B., M. Kiledjian, C.-P. Shen, R. Benezra, P. Zwollo, S. M. Dy-
mecki, S. V. Desiderio, and T. Kadesch. 1991. Repression of immunoglobulin
enhancers by the helix-loop-helix protein Id: implications for B-lymphoid-
cell development. Mol. Cell. Biol. 11:6185–6191.

3404 DESPREZ ET AL. MOL. CELL. BIOL.


